first demonstrated that pupal sheaths of wild type strains of Bombyx, Drosophila and Musca contained p-alanine, but those of certain black pupal mutant strains of these insects lacked it.
y (yellow) and b (black) mutant strains were used.
The wild type color of this insect is yellowish for both pupa and adult.
The e mutant pupal color is pale yellow but the adult is black. The y strain has normal pupal color, but the color of adult is paler than the wild type. The b strain has normal pupal color but the adult is black.
Rearing of insects
The last instar larvae of B. mori, supplied by Dr. Sasaki of the Ayabe Branch of the Sericultural Experiment Station, were reared up to the pupal stage by feeding fresh mulberry leaves in our laboratory. Larvae of M. domestica were raised in a glass jar containing a medium composed of wheat bran, powdered insect diet (manufactured by the Oriental Yeast Co., Japan) and water. Larvae of Drosophila were reared in an autoclaved bottle containing a medium composed of one part of agar, 7 parts of malted rice, 2.5 parts of sugar, 50 parts of water, a small amount of potassium chloride and living yeast. Larvae of M. domestics were also reared in media containing an excess of amino acids or tyrosinase inhibitors, such as copper sulfate, phenylthiourea (PTU*) and thiourea. Such media were prepared by replacing the water in the medium with aqueous solutions of these chemicals at the concentrations indicated in the tables or figures. Larvae were transferred from ordinary medium to one containing chemicals at the 4th-day larval stage, unless otherwise stated.
Removal of lipid from pupal sheaths
Pupal sheaths were carefully washed with distilled water and homogenized in acetone with a Potter-Elvehjem homogenizer. The homogenates were filtered through a disk of filter paper and the acetone was discarded. The residues were refluxed in a water bath at 80°C with acetone for two hours and subsequently with chloroform for two hours. Alternatively, the residues were refluxed at 80°C with equal volumes of chloroform and methyl alcohol for seven hours. After refluxing, the residues were filtered through a disk of filter paper and washed three times with acetone. The soluble fractions were rapidly dried in vacuo and were hydrolyzed for amino acid analysis.
The residues were dried in an oven at 80°C for one hour to remove acetone, chloroform and methyl alcohol.
Digestion of pupal sheaths by proteinase
To the lipid-free samples, prepared by the above mentioned procedure, 0.01 N NaOH solution was added at the rate of 24 mg per one ml, and aspirated to eliminate air.
The suspension was heated for 5 min in a water bath at 80°-90°C. After cooling, 2 volumes of a 0.05 % solution of Bacillus subtilis proteinase (subtilo peptidase A, purchased from Nagase Sangyo Co., Ltd., Japan) dissolved in 0.1 M Tris buffer at pH 7.5, was added to 1 volume of the suspension. The mixture was incubated for 17.5 to 50
hours at 37°C for digestion. 5. Separation of solubilized peptides or amino acids from the proteinase digest of lipidfree pupal sheath The supernatant of the digested suspension, which contains digestion products and proteinase, was evaporated in vacuo. Dry materials were suspended in 0.4 ml of distilled water and then 0.8 ml of 1 M trichloroacetic acid (TCA*) solution was added.
After incubation overnight at 4°C, the precipitate was separated by centrifugation. The supernatant was shaken three times with ethyl ether to remove TCA, rapidly evaporated to dryness, and used for amino acid analysis.
6. Body fluid of housefly pupae Body fluid of the housefly pupae was obtained by cutting the head and sucking through glass capillary. One part of the pooled fluid from 10 individuals was hydrolyzed and used for the determination of amino acid content. To another part of the fluid, 20 % TCA solution was added in order to extract free amino acids, according to the method of Gerok (1960) . The precipitate was removed by centrifugation. TCA was removed from the supernatant by shaking with ethyl ether. After removal of ethyl ether in vacuo, the free amino acids in the hemolymph were analyzed.
Amino acid analysis
The procedures of amino acid analysis have been described in our previous paper (Fukushi and Seki 1965) . As the amino acid analysis was performed on acid hydrolyzates, the amount of tryptophan was not determined.
cystine, r-amino n-butyric acid, DL-j3-amino isobutyric acid, all purchased from Ajinomoto Co., Ltd. and Wako Pure Chemical Industries were used for the study. All other chemicals used were reagent grade. Ethyl ether, filtered three times through alumina (Woelm, basic) to remove peroxides, was used.
RESULTS
1. Correlation between body color of adult and j3-alanine content in pupal sheath
In general, the yellow or pale yellow pupal color in D, melanogaster is much paler than that found in insects used in our previous works (Seki 1962, Fukushi and Seki 1965) . Therefore, according to the proposed correlation between pupal color of insects and j3-alanine content in pupal sheaths, the existence of p-alanine in pupal sheaths of D. melanogaster strains was expected. The amino acid compositions in acid hydrolyzates of pupal sheaths of 4 strains of D. melanogaster, including wild type, are shown in Table 1 .
Pupal color in all these tested strains is yellow. Amino acid compositions except for j3-alanine resemble one another in all these strains. /3-alanine was detected only in pupal sheaths of the wild type and yellow strains, but not in those of the ebony and black strains. Body colors of adults of e and b mutants are both black, contrary to those of the wild type and y strains. Therefore, a correlation between the existence of 8-alanine in the pupal sheath and body color in the adult was also suggested. It should also be noted that the relative content of Q-alanine in pupal sheaths of the y strain was two times higher than that in pupal sheaths of the wild type strain. The results of amino acid analysis of the pupal sheaths of the wild and bwb (brown-body) strains of M. domestica are shown in Table 2 . Relative content of j9-alanine in the pupal sheaths of the pale body color mutant bwb was approximately two times higher than that of sheaths in the wild type strain.
2. j3-alanine in the pupal sheath of a double mutant, bwb; bp, of the housefly Among F2-progeny of the cross bwb x by in M, domestica, bwb ; by double mutants were selected. Pupal color of the double mutant was black, and body color of the adult was yellowish-brown. Amino acid analysis of pupal sheaths of the double mutant was carried out. As shown in Table 2 , a small amount of J3-alanine was detected in this double mutant strain.
3. A phenocopy of wild pupal color from the by strain of the housefly
If there is a direct relationship between i3-alanine in the pupal sheath and the pupal color, pupal colors of the insect should be alterable phenotypically by controlling the amount of jl-alanine in the pupal sheath. By rearing larvae of the by mutant of M.
domestica in j3-alanine-containing medium, a phenocopy of the wild type pupal color can be obtained. The color grades of pupae treated by j3-alanine were defined as follows according to the intensity of color.
Grade 1, pupal color is dark black as seen in the by strain.
Grade 2, pupal color is brownish-black, as occasionally seen naturally in the by strain.
Grade 3, pupal color is dark brown, as sometimes seen naturally in the wild type strain.
Grade 4, pupal color is brown, as seen in the wild type strain.
Grade 5, pupal color is yellowish-brown, as sometimes seen naturally in the wild type strain. In this case the pupal sheath is thinner than that of the wild type strain.
Grade 6, pupal color is pale-yellowish-brown, as seldom seen in the wild type strain.
The pupal sheath is very thin in this case. Developmental stages which efficiently produce j3-alanine induced phenocopies of the wild type pupal color were investigated (Fig. 1) . The 4th-day larvae of 1.0 cm body length were most susceptible to the treatment.
Hence, 4th-day larvae were reared in various concentrations of p-alanine to determine the most effective dose (Fig. 2) . A dose of 0.3 M Q-alanine was the lowest limit.
Here a question was raised as to whether a relationship between artificially-changed pupal color and j3-alanine content in the pupal sheath of a phenocopy is also seen or not. Amino acid analyses of each pupal sheath ranging from the color grade 1 to 5 were carried out with phenocopies.
The results are summarized in Table 3 . The content of jl-alanine in pupal sheaths increases according to the color grade of pupae from black to brown or yellowish-brown.
The 4th-day larvae of the by strain were also reared in medium containing a-amino acids (lysine, alanine, histidine, glycine, methionine, cystine and arginine), j3-amino isobutyric acid and 1-amino n-butyric acid, but no effect was observed on their pupal colors. The /3-alanine contents of pupal sheaths of the treated larvae were also ex- Abscissa shows color grades. Table. 3. Amino acid compositions in the acid hydrolyzates Musca domestics reared in j9-alanine-containing The concentration of jS-alanine was 0.4 M. The found in the text.
of the papal sheaths of by strain of medium at the 4th-day larval stage. explanations of color grades may be amined (Table 4) . A small amount of iS-alanine was found in all cases. The effect was greatest with lysine. The 4th-day larvae of the by strain were also reared in medium containing the tyrosinase inhibitors (copper sulfate, PTU and thiourea) ( Table 4) .
No effect was observed on their pupal colors. A small amount of j3-alanine was found in all cases.
The binding sites of jS-alanine in the pupal sheaths
The pupal sheath of the insect is mainly composed of proteins, lipids and chitin.
To examine to which components the p-alanine is binding, fractionation of these components was attempted. Firstly, the lipid fraction was separated from pupal sheaths of Musca and Bombyx, and the amino acids were solubilized and analyzed.
In Musca, 0.06 per cent of the j3-alanine detected from the pupal sheath was solubilized with the lipid fraction.
Other amino acids, except for glycine, were scarcely detected.
On the other hand, in Bombyx, many amino acids were solubilized with the lipid fraction and their amounts were larger than those in Musca. A 0.2 per cent total ~-alanine content was detected in this fraction. A greater part of the R-alanine and a-amino acids found in the lipid fractions in pupal sheaths of the wild pupal strain of Bombyx was not precipitable with TCA, but were not detected in a free form.
A possibility that ~-alanine binds to a protein fraction in the pupal sheath was examined.
The lipid-free pupal sheaths were subjected to proteinase digestion after heating at 80°-90°C in alkali. The non-precipitable TCA fraction was analyzed for amino acid content.
In Bombyx, one per cent of the total jS-alanine was liberated by digestion, while the fraction liberated of each a-amino acid amounted to 20 to 50 per cent of them. In Musca, 0.3 per cent of the total p-alanine was liberated, while 5 to 40 per cent of each of the a-amino acid was liberated.
Amino acid analysis of body fluid of Musca
To investigate the time of appearance of ~-alanine in the body of insects, especially Table 4 . /9-alanine content of acid hydrolyzates of the pupal sheaths of the by strain of Musca d omestica reared in medium containing various amino acids and tyrosinase inhibitors at the 4th-day larval stage.
The concentrations of amino acids were as follows; saturated aqueous solution of cystine and methionine, 0.8 M of DL-a-alanine, and 0.4 M of the other amino acids.
The concentrations of reagents were 0.1 mM Cu504, 1 mM PTU and 0.025% thiourea.
The values for j3-alanine were calculated by taking leucine as unity.
in the pupal sheath, amino acid analysis of the body fluid in M. domestics was carried out at various stages of development.
The results are shown in Table 5 . The amount of 3-alanine in the body fluid of the wild type pupal strain increases markedly in the very young pupal stage, and the increase was found to be due to an increase of j3-alanine present in a free form, whereas i3-alanine in the by strain remains at a low level.
DISCUSSION
It has been suggested in our previous papers (Seki 1962, Fukushi and Seki 1965 ) that a close relationship exists between the manifestation of black pupae and the absence of jS-alanine in the pupal sheaths of Bombyx, Drosophila and Musca. Amino acid analyses of pupal sheaths of four strains of D. melanogaster (wild, ebony, black and yellow strains) performed in the present study add further evidence that p-alanine is deficient in pupal sheaths of strains of black adult body color even if their pupal color is not black. In the y (yellow) mutant of D. melanogaster and the bwb mutant (brow-body) of M.
domestica, the Q-alanine content in pupal sheaths was higher than that of the wild type strains.
It is characteristic of both mutants that the body colors of the adult are paler than that of the wild type strain. This may suggest a correlation between the content of j3-alanine in the pupal sheath and potential body color of the adult in addition to the correlation between j3-alanine content and pupal color. A double mutant strain, bwb ;
by (brown-body; black puparium), of M. domestica shows black pupal color, and the body color of the adult is pale yellowish-brown. The pupal sheath of the original bwb strain contains a large amount of /3-alanine, but the original by strain does not. From the pupal sheath of the double mutant, however, a small amount of p-alanine was detected. This suggests that the by gene inhibits the accumulation of j3-alanine in pupal sheaths whereas the bwb gene accelerates it, and the amount of 3-alanine in the pupal sheath of Musca is determined by the interaction of these two genes.
In a phenocopy obtained by rearing the by strain of Musca in a ~-alanine-containing medium, the content of p-alanine in pupal sheaths increased as pupal color approached that of the wild type strain. This observation shows that there is a direct relationship between the manifestation of pupal color and the content of j3-alanine in pupal sheaths.
If the color manifestation of pupal sheaths depends on the content of j3-alanine relative to other amino acids, more than 0.74 relative content of j3-alanine, calculated by taking leucine as unity, must be a threshold for manifestation of wild type pupal color.
Tyrosinase inhibitors (CuSO4, PTU and thiourea) also caused the appearance of small amounts of j3-alanine in the pupal sheaths of by strain of Musca, although a change in the pupal color was not observed. The relative contents of j3-alanine induced by tyrosinase inhibitors were less than the hypothetical threshold.
It has been reported by Kondo (1957 a) that the amounts of j3-alanine, some amino acids and related compounds increased in protein-free extracts from silkworm pupae and moths in comparison with those from larval body fluid.
In the wild strain of Musca, the increase of free S-alanine in the body fluid was also demonstrated at the stage between 5th-day larvae and very young pupae. However, in the by strain, free /3-alanine in the body fluid was less than that in the wild type strain and did not increase during development.
In very young pupae of the wild type strain of Bombyx, p-alanine in a conjugated form, whose molecular weight was more than 5,000, was detected in the soluble fraction of pupal epidermis by means of an isotopic experiment and column chromatography, although it was not detected in a black pupal strain (so) (Kume (Fukushi) and Seki 1962) . But the matabolic relationship between jS-alanine in the body fluid and pupal sheath color is not clear. In mulberry leaves used to feed silkworms, free j3-alanine was not detected (Kondo 1957 b) . In acid hydrolyzates of the leaves, j3-alanine was not found (Fukushi, unpublished) . Taking these facts into consideration, j3-alanine must be synthesized metabolically by the silkworm. The metabolic pathway of j3-alanine in Pseudomonas fluorescens was studied by Hayaishi et al. (1961) . Transaminase of Pseudomonas reversibly catalyzed the transamination of j3-alanine with pyruvate, resulting in the formation of stoichiometric quantities of malonic semialdehyde and L-a-alanine.
As the relative values of a-alanine in the body fluid of the last instar larvae of the wild and black pupal strain of Musca were not so different from each other (Table 5) , the metabolic pathway of j3-alanine proposed in Pseudomonas may not be applicable to the case of insects. Most of the 3-alanine in pupal sheaths remains in an insoluble form after washing with water. By proteinase digestion, the amount of solubilized j3-alanine was very small in comparison with those of other solubilized amino acids . By the reflux in acetone and chloroform and methyl alcohol, p-alanine and glycine were solubilized in the lipid fraction in high amounts relative to those of other amino acids.
In any case, jS-alanine differs in its solubilization behavior from almost all other amino acids. This suggests that Q-alanine does not bind with other amino acids . But the amount of JS-alanine solubilized by means of the reflux and proteinase digestion was so small that the binding site of p-alanine in pupal sheaths can not be discussed at the present time.
SUMMARY
Previously we (Seki 1962, Fukushi and Seki 1965) established the relationship between the pupal color of Bombyx mori, Drosophila virilis and Musca domestica and the content of R-alanine in their pupal sheaths. Further information was added to the correlation between color manifestation and jS-alanine in the pupal sheaths of insects.
1. In the pupal sheath of the wild type strain of Drosophila melanogaster, p-alanine was found. But R-alanine was absent in pupal sheaths of strains of black adult body color mutants like b and e, although their pupal colors were not black.
2. The content of j3-alanine in pupal sheaths of Musca and Drosophila strains, whose adult body colors are paler than those of the wild strains, is higher than in those of the wild type strains.
3. A double mutant, bwb ; bp, of M. domestics, shows yellowish-brown body color in the adult and the pupal color is dark black. From the pupal sheath of this strain, a small amount of ~-alanine was detected. 4. A phenocopy of the wild type pupal sheath of M. domestica was obtained by rearing larvae of the by mutant in j9-alanine-containing medium at the 4th-day larval stage.
Pupal colors of the phenocopy individuals ranged from black to the brown of wild type.
A clear correlation was recognized between the grade of color of the phenocopy pupae and the content of ~-alanine in the pupal sheaths.
5. By means of reflux and proteinase digestion, a small amount of Q-alanine was liberated from the pupal sheath of the wild type strain, but its solubilization behavior was different from that of other amino acids.
6. In the wild type strain of Musca, free i9-alanine in the body fluid rapidly increased at the very young pupal stage, but such a phenomenon was not observed in the by mutant. 
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